Four Mg-Gd-Y-Nd-Zr alloys were prepared by mold casting to investigate the effects of Nd/Gd ratios on microstructures and mechanical properties. The as-cast alloys mainly consist of α-Mg and β-Mg5(GdYNd). Volume fractions of the second phase increase and grains were slightly refined with the rising Nd/Gd ratio, when the alloying addition is equal. Meanwhile, fibers of second phase also increase in the extruded alloys when the Nd/Gd value increases. However, the Nd/Gd ratio could hardly influence the mechanical properties of the extruded alloys. The aging hardening response of the extruded alloy differs due to different Nd/Gd ratios. The potential mechanisms have also been discussed in detail.
Introduction
Magnesium alloys are the lightest structural materials, known for their high specific strength, specific stiffness and good cast-ability [1] . However, their poor performance on strength, particularly at elevated temperatures, restricts the application of Mg alloys [2] .
Mg alloys with good heat-resistance as well as high strength have been a spot for study. Some kinds of heat-resistant magnesium alloys have been successfully applied in the automobile and aerospace industries, taking Mg-Al-RE, Mg-Al-Ca and Mg-RE series for examples [3] [4] [5] , while Mg-RE alloys are the most important heat-resistant magnesium alloys, capable of maintaining a certain extent of strength at the temperature about 200°C~300°C [6] [7] [8] . The heavy rare earth elements (Gd and Dy, etc.) significantly improved the aging hardening response of Mg alloys, when the addition is over 10 wt.% [9] . Thus, Mg-Gd based alloys with large addition of Gd have been extensively studied in order to develop more splendid magnesium alloys with high strength and good heat-resistance. It is covered that alloy Mg-17Gd-0.51Zr with extrusion and T5 heat treatment has excellent mechanical properties (an ultimate tensile stress of 400 MPa) [10] .
However, on consideration of the cost, the most typical Mg-Gd based alloys should be Mg-Gd-Y-Zr alloys, especially Mg-10Gd-3Y-0.6Zr (wt-%). A mass of research developed on the basis of the Mg-10Gd-3Y-0.6Zr showed outstanding properties as well [10] [11] [12] [13] [14] . Moreover, light rare earth elements like Nd and Pr have been added to enhance the properties of Mg-Gd-Y-Zr alloys. The effect of Nd addition on the microstructure and mechanical properties of Mg-8Gd-5Y-2Zn-0.5Zr (wt-%) has been studied [15] . The role of each rare earth element in magnesium differs from each other. Adjusting the content of each rare earth element should be the primary method in a large number of studies, on the premise that the total addition of RE element was controlled in a scale of certain extent.
Currently, research concerning the effect of Nd/Gd values on the microstructure and mechanical properties is not widely developed. In this work, four Mg-Gd-Y-Nd-Zr alloys with different Nd/Gd values were prepared. The effects of Nd/Gd value on the microstructures and mechanical properties of the as-cast and extruded Mg-Gd-Y-Nd-Zr alloys were investigated.
Experimental
High purity elemental Mg (>99.95%), Mg-25Gd (wt.%), Mg-50Y (wt.%), Mg-25Nd (wt.%) and Mg-30Zr (wt.%) were prepared as the raw material. The alloys were melted in a mild steel crucible, heated by an electric resistance furnace. Flux was also used to purify the melt, as well as prevent it from burning. The melted alloys were homogenized at about 710°C for 10 min. Then, the melt was poured into a preheated steel mold with a diameter of 60 mm. The compositions of the alloys were obtained by chemical analysis (an inductively coupled plasma mass spectrometry), listed in Table 1 . Homogenization treatment was carried out at 510°C for 16 h. After homogenization, the ingots were extruded reversely into rods with a diameter of 12 mm at the temperature of 400°C. The extrusion ratio was 15:1. Aging after extrusion was implemented at 200°C. Then the rods were machined into tensile specimens of 6 mm gauge diameter and 25 mm gauge length, according to the ASTM standard B557M-10. Tensile test was performed by universal tensile testing machine (the speed of tensile was 1 mm/min) at room temperature (RT) and elevated temperature, and the alloys took 10 min to balance the temperature before tensile test at elevated temperatures.
Microstructures were observed by optical microscope (OM) and scanning electron microscope (SEM) coupled with an energy dispersive X-ray analyzer (EDX). The phase analysis was performed with an X-ray diffractometer (XRD). Linear intercept method was applied to determine the grain size of the alloys.
Results and discussion

Microstructures of the as-cast alloys
Microstructures of the as-cast alloys are shown in Fig. 1 . Similar to the typical microstructures of Mg-Gd-Y-Zr alloys, microstructures of the investigated Mg-Gd-Y-Nd-Zr alloys are mainly made up of nearly equiaxed grains and discontinuous second phases around grain boundaries. It is worth mentioning that Alloy 1 and Alloy 3 have the same amount of RE element. However, the area fraction of second phase in Alloy 1 is about 17.6%, which is lower than that in Alloy 3 (21.7%). This is also similar to the case of Alloy 2 (27.3%) and Alloy 4 (31.7%). Then it could be seen that the second phase increases as the Nd/Gd values grow up, keeping the RE addition the same.
According to the binary phase diagrams of Mg-Gd, Mg-Y and Mg-Nd [16] , the ultimate solid solubilities of Gd, Y and Nd in Mg are 23.3 wt.%, 12 wt.% and 3.6 wt.%, respectively. Meanwhile, the solubility of all the three element decreases as the temperature goes down. Thus, it is more possible that Nd would likely segregate around the grain boundaries due to the limited equilibrium solid solubility. Thus, it is accessible that the second phase would increase rapidly as Nd/Gd value rises up. Although some slight grain refining effects (from~25 µm to Table 1 Chemical compositions of investigated alloys (wt-%). ~19 µm) could be observed when adding more RE to the alloys, the grain sizes of the as-cast alloys are not much influenced by the Nd/Gd ratios, which has also been reported in our published work [17] . It has been reported that Gd and Nd addition has grain refining effects on Mg alloys by inhibiting the migration of grain boundaries [18, 19] . However, Gd and Nd might have close grain refining effects. Thus, the grain size always remains close by replacing part of Gd with Nd when keeping the total alloying amount the same. The phase compositions of the as-cast alloys by XRD analysis are shown in Fig. 2 . It indicates that all of the four as-cast alloys mainly consist of α-Mg solid solution and β-Mg5(GdYNd) compound. It has been reported in Mg-Gd-Y alloys that rare earth elements blend with each other, forming Mg5(Gd1-xYy) compound [20] , which should be ascribed to the similitude of the rare earth element. The compound in this work should be similar to that. It could be seen that the Nd/Gd ratios could not affect the phase compositions according to the XRD patterns. However, they might be able to change the specific element content in the β-Mg5(GdYNd) compounds. Meanwhile, due to the nonequilibrium solidification, the morphology of the second phase should be pseudo-eutectics, as shown in Fig. 3. Fig. 4 shows the optical microstructures of the extruded alloys. The second phase was broken and elongated throughout the longitudinal section, paralleling the direction of extrusion. Fig. 5 shows the SEM image and corresponding EDS result of as-extruded alloy. It proves that these elongated phases are rich in RE element. The EDS result of point 1 (Fig. 5b) further indicates that their chemical composition is Mg-4.94 at.% Gd-2.43 at.% Y-5.41 at.% Nd, which refers to β-Mg5(GdYNd). It is quite possible that these crushed second phases derived from the residual phase during the high temperature homogenization treatment.
Microstructures of the extruded alloys
It could be clearly seen that dynamic recrystallization (DRX) is observed in the extruded alloys, as shown in Fig. 4b . As the deformation temperature is 400°C, slip becomes the main plastic deformation mechanism, and the migration of the grain boundaries is fully promoted. Due to the inhibition of the residual second phases mentioned above, the density of the dislocations is enlarged rapidly, as well as the lattice distortion, and the dislocations would pile up around the interphases between the second phases and the grain boundaries. Subsequently, subboundaries and dislocation cells are easy to be formed. After that, the subboundaries could absorb the dislocations to increase the misorientation among them, forming the high-angle boundaries. On the other hand, RE element could decrease the stack-fault energy, promoting the process of DRX. Finally, the movement of the high-angle boundaries eliminates the subboundaries, and DRX is achieved. However, the precipitations could also prevent the migration of the recrystallized grain boundaries. The grains are clearly larger than those around where the precipitations stay, as shown in Fig. 4b and d .
There are two forms for the crushed second phase: one is a fiber-like form, distributing like bamboo joint, the other is a tiny particle-like form, spreading intensively. The Nd/Gd ratios could obviously affect the microstructures of as-extruded alloys. For alloy 1, whose Nd/Gd ratio is 0.25 (2:8), the crushed second phases are mainly composed of tiny particle-like form, as shown in Fig. 4a . However, when the Nd/Gd ratio is 0.67 (4:6), it could be seen that the fiber-like second phase increases rapidly, as shown in Fig. 4e .
With the Nd/Gd value growing up, the size of the residual precipitations is increasing. It is reasonable that the solid solubility of Nd in Mg is smaller than that of Gd. The drive force to solve Nd in to the matrix is less than that to solve Gd into the matrix. After homogenization, size of the remaining precipitations in alloys with the large Nd/Gd values is much larger than those in alloys with small Nd/Gd values. As a consequence, it can be concluded that content of the polygonal precipitations in the extruded alloys tend to be increasing as the Nd/Gd value of the alloy ascends.
Mechanical properties
The tensile properties at room temperature of the three alloys are summarized in Table 2 . The Nd/Gd ratios would not much influence the mechanical properties of the as-extruded alloys, when keeping the alloying addition same. The ultimate tensile strength (UTS) and tensile yield strength (TYS) of Alloy 1 (Nd/Gd = 0.25) are 315 MPa and 271 MPa, respectively, while those of Alloy 3 (Nd/Gd = 0.67) are 315 MPa and 298 MPa, respectively. It could be seen that the mechanical properties of Alloy 1 and 3 are almost the same, except for the elongations, as listed in Table 2 . Alloy 1 has the largest elongation of 11.3%, but Alloy 3 shows a poor elongation of 2.6%. It suggests that the increasing Nd/Gd ratio seriously deteriorates the elongations. It is similar for Alloys 2 and 4, when increasing the total alloying addition. From Fig. 4 , it could be seen that the increasing Nd/Gd ratio would much promote the quantity of fiber-like crushed second phase when keeping the alloying addition the same. This fiberlike second phase consists of a quantity of polygonal phase, which deteriorates the plasticity of the alloy badly. However, the particle-like second phase would not concentrate the stress rapidly, which is not so bad to the plasticity. It could also be seen that the increasing alloying addition also promotes the mechanical properties and deteriorates the plasticity.
The alloys have almost the same strength in spite of owning different Nd/Gd ratios. It requires further discussion. There are three kinds of strengthening mechanisms in Mg-RE alloys: solid solution strengthening, refined crystalline strengthening and precipitated-phase strengthening [21, 22] . When rare earth element is solved in Mg, atomic radius distinction between RE and Mg brings in a stress field, called solid solution strengthening. The remarkable precipitation strengthening is attributable to precipitate phases formed on prismatic planes of α-Mg matrix phase, providing the most effective obstacles to basal dislocation slip [23] . In this work, solid solution strengthening and precipitated-phase strengthening should be the main function. According to the small solid solubility of Nd in Mg, Nd is more inclined to segregate at the grain boundaries. Thus, the quantity of fiber-like second phase was much increased by the rising Nd/Gd ratios, as shown in Fig. 4 . Meantime, the solid solution strengthening effect will decrease correspondingly. The same mechanical properties should be attributed to the same accumulated effects of solid solution and precipitation strengthening effects.
The mechanical properties are obviously promoted after T5 treatment. From Table 2 , it can be seen that UTS of Alloy 2 enlarges from 340 MPa to 379 MPa, and TYS increases from 300 MPa to 332 MPa, while UTS and TYS of Alloy 4 increase just by 27 MPa and 17 MPa, respectively. Likewise, the situation is similar to the comparison between Alloy 1 and Alloy 3. Therefore, it indicates that the smaller the Nd/Gd value is, the larger the promotion is. Diverse aging hardening responses could be attributed to the different aging hardness behaviors of Gd and Nd. The hardness increase of Mg-Nd alloys is observed beginning with the lowest aging time of 0.75 h and continues gradually up to the maximum, while hardness increase of Mg-Gd alloys ascends deeply after a stage increasing slowly [24] . Thus, the aging strengthening effect proves to be outstanding at a small Nd/Gd value. On the other hand, it always requires a supersaturated matrix to obtain outstanding hardening response. However, larger Nd/Gd ratio indicates less amount of RE solved in the matrix. The alloy with larger Nd/Gd ratio receives a weaker aging response. Fig. 6 shows the stress strain curves of the peak-aging extruded alloys at 200°C. Compared to the room temperature, the stress of the peak-aging alloys at 200°C is a bit lower and the elongations get much promoted. The peak-aged extruded Mg-Alloy 2 (10Gd-3Y-4Nd-0.6Zr) exhibits the highest ultimate tensile stress and tensile yielding stress at the elevated temperature of 200°C, which are 342 MPa and 260 MPa, respectively. The performance of mechanical properties at elevated temperature should be ascribed to the dispersed precipitations, while promotion of the elongation benefits from the motivation of slip systems at 200°C.
Conclusion
The investigated as-cast Mg-Gd-Y-Nd-Zr alloys mainly consist of α-Mg and β-Mg5(GdYNd). Precipitations spread along the grain boundaries discontinuously, as a state of pseudo-eutectic. Precipitations in the as-cast alloys tend to increase as the Nd/Gd value rises up. With the Nd/Gd value increasing, the fiber-like second phase increases rapidly, and the tiny particle-like phase is 271 ± 7.5 282 ± 2.0 300 ± 6.7 332 ± 1.9 286 ± 4.7 298 ± 4.6 291 ± 3.4 308 ± 2.1 ε(%)
11.3 ± 2.3 2.6 ± 0.5 1.6 ± 0.3 0.8 ± 0.2 2.6 ± 0.9 2.1 ± 0.6 2.4 ± 0.8 1.6 ± 0.4
Note: Ext: extruded; T5: peak-aged at 200°C. decreased. By enlarging Nd/Gd value, mechanical properties of the extruded alloys will not decrease. The aging hardening response of the investigated alloy also decreases with the increasing Nd/Gd ratios. The peak-age extruded alloy Mg-10Gd-3Y-4Nd-0.6Zr (wt.%) exhibits the highest ultimate tensile stress and tensile yielding stress at room temperature and the elevated temperature of 200°C, which are 379 MPa and 332 MPa at room temperature, and 342 MPa and 260 MPa at 200°C, respectively.
